ABSTRACT The inherently high bandwidth of fiber and free-space optical (FSO) links make them ideally suited to provide broadband backhaul in fifth-generation (5G) mobile networks. However, both fiber and FSO systems suffer from a variety of impairments, which must be properly modeled in order to design the network. In this paper, we present analytical results for mixed FSO/fiber amplify-and-forward backhauling systems, where the impacts of radio-frequency (RF) co-channel interference, FSO pointing errors, and both fiber and FSO modulator nonlinearity are modeled and taken into consideration. Closed-form and asymptotic expressions are derived for the outage probability, the average bit-error rate, and the cumulative distribution function (CDF) of the channel capacity for mixed FSO/fiber backhauling systems. Our results reveal an optimal average-launched power for the fiber, which balances the impact of fiber nonlinear distortion with the receiver noise. In particular, when using the optimal fiber average-launched power, our estimated user capacity CDF results show that the 50th percentile user rates using mm-wave RF access can reach over 1.5 Gb/s in ideal conditions. However, user rates are more sensitive to the FSO backhaul channel characteristics.
I. INTRODUCTION
Fifth-generation (5G) networks have promised impressive improvements in network performance at the cost of extreme cell densification [1] - [3] . Given the ultra-dense and widespread deployment of radio units in 5G, energy and cost effective backhaul networks are essential to realize the potential of 5G systems. Though fiber backhaul is preferred, it is often not available or expensive to install. Backhaul using free-space optical (FSO) links, though sensitive to weather conditions, provides inexpensive, huge bandwidth links and serves as an efficient backhauling bridge between radio-frequency (RF) access and central fiber backhaul nodes [4] , [5] . This paper considers the design of 5G networks with mixed FSO and fiber backhaul by considering the unique impairments inherent to both media. In particular, low complexity amplify-and-forward (AF) backhaul links are considered due to their low cost and energy requirements.
Free-space optics as a backhauling medium for radio systems has recently received increasing attention in the literature. Most studies consider outage performance, bit error rate (BER), and ergodic capacity results under a variety of statistical channel models for RF and FSO channels [4] - [16] . Lee et al. [6] presented the first analysis of outage performance of a dual-hop AF relay system consisting of RF and FSO links with Rayleigh and gamma-gamma distributed channel gains respectively. As an extension to [6] , the impact of pointing errors on the BER performance and the ergodic capacity of a mixed AF RF/FSO systems was then carried out in [7] . Based on outdated channel state information (CSI), Petkovic et al. [8] studied dual-hop AF with relay selection RF/FSO multiple relay systems. In [9] and [10] , an outage probability expression was derived for a fixed AF RF/FSO system which is corrupted by both noise and co-channel interference while assuming that the relay gain is selected based on outdated CSI. Soleimani-Nasab and Uysal present a comprehensive survey and analysis of AF RF/FSO systems which includes the impact of co-channel interference and pointing errors, where the RF and FSO links were distributed according to Nakagami-m and double generalized gamma distributions, respectively [5] . In this paper, we extend earlier work on FSO backhauling by including a fiber optical link to aggregate the backhaul from multiple FSO units in a 5G network. As shown in Fig. 1 , received signals from a radio access network are AF-relayed over an FSO link and multiple such backhaul channels are AF-relayed over a fiber trunk. Like earlier work, co-channel interference, pointing errors, and scintillation of the FSO links are considered explicitly. The multipath fading in the RF links is assumed to follow a Rayleigh fading distribution and the FSO link is assumed to have a gamma-gamma atmospheric turbulence fading distribution. Additionally, the effect of the nonlinearity of the FSO and fiber relay nodes is taken into consideration here by selecting the gain to ensure negligible clipping likelihood. For AF relaying over the fiber, the impact of nonlinear propagation on the performance of the system can be significant. Here we employ the Gaussian noise (GN) model [17] to quantify the impact of fiber nonlinearities which is tractable and widely used for system design and analysis [18] - [22] . Under the assumption of AF relaying, closed-form expressions are derived for the outage probability, the average bit-error rate (BER), and the cumulative distribution function (CDF) of user capacities of the network using a mixed FSO/fiber backhaul system. In addition, asymptotic expressions at high FSO and fiber signal-to-noise ratios (SNRs) are derived to provide useful physical insights. The optimal average launched fiber power is derived, in the case of high SNR at both the FSO and fiber links, and shown to provide good performance over a variety of practical scenarios.
The balance of the paper is organized as follows. In Section II, system and the channels model are presented. Outage probability, capacity-CDF, and the average BER expressions are derived in Sections III and IV, while asymptotic results are given in Section V. Section VI provides numerical results on the performance evaluation using a mmwave radio access network and mixed FSO/fiber backhaul. Finally, the conclusions are summarized in Section VII.
II. SYSTEM AND CHANNEL MODELS
As shown in Fig. 1 , the system consists of an RF access medium corrupted by interference and a mixed FSO/fiber backhaul. Two AF relays, R 1 and R 2 , forward received signals from the source node, S, to the destination node, D, using FSO and fiber respectively.
A. RADIO ACCESS
The received RF signal at the relay node, R 1 , can be expressed as
where h S,R1 is the fading RF channel coefficient, x is the modulation symbol, h i is the fading RF channel coefficient for VOLUME 5, 2017 the i th interferer, x i is the modulation symbol of the i th interferer, and n R1 is an additive white Gaussian noise (AWGN) with variance σ 2 R1 at the relay node, R 1 . Both h S,R1 and h i are assumed to be Rayleigh distributed [23] and there are M RF co-channel interferers. We assume that E{y S,R1 } = 0 which is consistent with an ac-coupled RF channel.
B. FSO RELAY
To ensure that the received RF signal is unipolar in order to be able to drive the laser, a DC bias is added to the received signal after amplifying it at the first relay with a fixed gain G 1 . Let P opt1 denote the emitted average optical power of the FSO relay node which is limited by eye-safety regulations. Since the radio signal is zero mean, the output signal will have an average optical power P opt1 as required. To consider the finite dynamic range of the laser driver, G 1 is selected to ensure that | G 1 y S,R1 |≤ P opt1 with high probability to avoid over modulation induced clipping [8] , [24] . Consider selecting G 1 to normalize the variance of the modulating signal. In particular, define G 1 as
where P RF and P Ri are the average powers of the RF signal and the i th RF interferer. The parameter K 1 is selected so that 2K 1 standard deviations of the modulating signal are within the dynamic range of the modulator. Assuming Gaussian statistics, for K 1 = 4 the likelihood of clipping is on the order of 10 −5 . Thus, when K 1 is chosen large enough, the impact of clipping in the laser driver of R 1 can be ignored. Assuming direct analog modulation of the laser intensity at the relay node, R 1 and assuming that the electrical-to-optical conversion coefficient η 1 = 1, the retransmitted optical signal is
C. FIBER BACKHAUL LINK
The received electrical signal at the relay node, R 2 , after removing the DC bias is given by
where R 1 is the responsivity of the photodiode (PD) at the relay node, R 2 , h R1,R2 is the fading FSO irradiance fluctuations and n R 2 is AWGN added at relay node R 2 with variance σ 2 R2 . After amplifying the received signal at the second relay with a fixed gain G 2 , a DC bias is added to be able to drive the laser. Similar to the case in relay R 1 ,
where P opt2 is the average launched optical power in the single-mode fiber (SMF) per channel and K 2 is selected to control the likelihood of clipping by the laser driver. Considering an electrical-to-optical conversion coefficient η 2 = 1 and K 2 large enough, the optical signal forwarded into the fiber is
Following the GN model [17] , the impairments caused by the fiber nonlinear interference can be considered as an additive Gaussian noise n NLI of power P NLI that is statistically independent from the transmitted signal [17] , [18] , [20] , [21] . Since a photodetector responds to the optical intensity, at node D, and assuming that the fiber loss is compensated by an electrical amplifier, the received electrical signal is
where R 2 is the responsivity of the photodiode and n D is AWGN with variance σ 2 D added in electrical domain at D. After removing the DC bias, the received electrical signal can be written as
Under a worst case assumption, P NLI is set according to the maximum allowed launched optical power (2P opt2 ). In this case, the nonlinear interference variance is given by [17] - [22] 
where
f and L eff,a = 1/2α f are the effective and asymptomatic-effective fiber lengths, respectively, for a fiber with a physical fiber length L and a SMF attenuation coefficient α f . The total wavelengthdivision multiplexing (WDM) bandwidth is denoted B ω = B ch N ch , where N ch is the number of WDM channels and B ch is the fiber channel bandwidth. The group-velocity dispersion (GVD) is denoted β 2 , and γ nl = 2π n 2 /λA eff is the fiber nonlinearity coefficient, where A eff is the core effective area, λ is the propagated wavelength, and n 2 is the nonlinearindex coefficient.
Notice from (8) that the noise term n 2 NLI has variance (2P 2 NLI ) while the beating noise term 2n NLI √ y R2opt has variance (4P opt2 P NLI ). In practice the impact of the beating noise term dominates and, using the parameters in Sec. VI, its power is at least about 3 orders of magnitude larger than the power of n 2 NLI . Thus, in the following the impact of n 2 NLI is removed from the channel model in (8) yielding
The beating noise term is also modelled as having a Gaussian distribution which can be shown to be a good fit for the power ranges considered in this work.
D. OVERALL SIGNAL-TO-INTERFERENCE-PLUS-NOISE RATIO
The overall signal-to-interference-plus-noise ratio (SINR) of the radio access link and the FSO/fiber backhaul at node D, γ T , can be written in terms of the SNRs of each portion of the relay network as
and where γ 1 , γ R , γ 2 , and γ 3 are the instantaneous SNR of the RF link, the instantaneous overall interference-to-noise ratio (INR) of the RF link, the instantaneous electrical SNR of the FSO link, and the electrical SNR of the fiber link, respectively. Notice that γ 3 is deterministic under the condition of the worst case fiber nonlinear interference. The notation γ k denotes the expected value of SNR, i.e, E{γ k }.
E. CHANNEL STATISTICS
The RF link (i.e. S-R 1 link) is assumed to experience Rayleigh fading and hence γ 1 is exponentially distributed [23] 
It is known that the distribution of the sum of M independent and identically distributed equal power exponential random variables (RVs) is gamma distribution [25] . Then,
γ Ri follows gamma distribution, where γ Ri is the instantaneous INR of the i th interferer, with distribution
where (.) is the gamma function. The FSO link (i.e. R 1 -R 2 link) is assumed to have gammagamma fading with pointing error impairments. The distribution of γ 2 is [15] , [26] 
, ζ is the ratio between the equivalent beam radius at the receiver and the pointing error displacement standard deviation at the receiver [27] , G(·) is the Meijer G function [28] , and α and β are the scintillation parameters [29] 
FSO is unitless Rytov variance, C 2 n is the refractive-index structure parameter, and L FSO is the FSO propagation distance.
III. OUTAGE PROBABILITY AND CAPACITY-CDF ANALYSIS
The outage probability of the AF relayed FSO/fiber backhauled system is defined as
< γ th (18) where γ th is the threshold on overall SINR that guarantees a minimum level of link quality. Substituting distributions from Sec. II-E yields P out (γ th )
Using [28, eq. (3.351.
3)], the last integration can be written as
By expressing exp integration can be written as 
where a
2 , 0 . As another performance metric, the CDF of end user capacity using mixed FSO/fiber backhaul system can be computed in a similar manner. The capacity of the overall system in bits per second can be estimated as [32] 
where R s is the symbol rate. The CDF of user capacity takes the form
for some target capacity C 0 . Using (22) and replacing γ th with 2 (C 0 /R s ) − 1 yields F C (C 0 ).
IV. AVERAGE BER ANALYSIS
Using [33, eq. (12)], the average user BER using mixed FSO/fiber backhaul systems for a variety of binary modulations can be obtained as
th P out (γ th )dγ th (25) where p and q account for different modulation techniques. (22) into (25) gives
Using [33, eqs. (14) and (20) and Table I ], the last integration can be written as [33] . The EGBMGF is efficiently implemented in a variety of commercial mathematics software (e.g., [33] , [34] ). For the interference free case (M = 0), a simpler expression for BER is (following a similar approach as [7, eq. (14) ])
V. ASYMPTOTIC ANALYSIS
In order to provide greater physical insights, in this section the asymptotic outage probability and average BER expressions at high SNR regime are derived and used to compute the optimum fiber average launched power.
A. ASYMPTOTIC OUTAGE AND BER
In (22), the Meijer G function makes additional analytical derivations difficult. In the case of large γ 2 and γ 3 the following approximation can be applied [30, eq. (07.34 .06.0006.01)]
In Fig. 2 , the Meijer G function in (29) and its approximation, G(γ th ), are plotted versus P opt2 at high γ 2 for different turbulence and pointing error conditions levels. Initially as P opt2 increases, γ 3 becomes high and so the approximation is tight. This is true as long as the fiber nonlinearity noise is low and not dominant. However, at high values of P opt2 , γ 3 is reduced due to fiber nonlinearity noise. Thus there is a range of P opt2 values over which this fit is tight as will be discussed in Sec. VI. For a fixed and finite γ 1 , the asymptotic outage probability at high γ 2 and γ 3 is P asym out (γ th )
The asymptotic CDF of user capacity can be similarly derived.
Substituting (30) into (25) yields,
Simplifying using [35, eq. (27) ] gives
where (., .; .) is the Tricomi confluent hypergeometric function [28, eq. (9.210.2)]. For the interference free case (i.e., M = 0), a simpler expression can be obtained for BER asym using G(γ th ) as
B. OPTIMUM FIBER AVERAGE LAUNCHED POWER P *
opt2
Due to the fiber channel, the average launched power must be carefully selected to balance the impacts of receiver noise and the inherent nonlinearity of the channel. Let P * opt2 denote the optimum average launched fiber optical power which minimizes outage. Consider setting the first derivative of P asym out in (30) with respect to P opt2 to zero, ∂P asym out
where C NLI = P NLI /P 3 opt2 . After some simplification, the optimal P opt2 can be written as
Note that P * opt2 does not depend on γ 1 , γ Ri nor γ 2 under the condition of the worst case fiber nonlinearity interference scenario. It worth mentioning that P * opt2 in (35) can also be obtained using the first derivative of (32) or (33) .
VI. NUMERICAL RESULTS
The analytic expressions for the performance of the mixed FSO/fiber backhaul system are studied in this section to quantify the tightness of the asymptotic results and to reveal approaches for the design of such systems. The parameters for the SMF used in the backhaul network are given in Table 1 [18] . Though in this study we consider a single WDM channel, in practice multiple FSO receptions can be multiplexed on a single or over multiple WDM channels. Without loss of generality, the responsivities R 1 = R 2 = 1 are assumed. Given the variability of the RF and FSO channels, performance will be studied for a variety of SNR values, turbulence strengths and pointing error severity. Figures 3 and 4 show the outage probability (22) and the average BER, computed in (27) and (28), versus P opt2 with different values for the average overall RF access network INR, FSO pointing error, and turbulence strength levels. In all cases, there is an optimal value for the average launched fiber power which maximizes performance. If P opt2 > P * opt2 ≈ −13.7 dBm (computed via (35) ), fiber nonlinearity dominates limiting the system performance. Notice also that the asymptotic results, from (30), (32) and (33) , are only tight near P * opt2 when γ 3 is large enough to make the approximation valid. Furthermore, the addition of RF co-channel interference in the access network degrades performance, as expected. An interesting feature is that in the presence of co-channel interference in the RF access network, the performance flattens near P * opt2 . This phenomenon occurs because the RF co-channel interferers dominate over the backhaul impairments of both FSO and fiber links. However, in worse FSO channel conditions, optical fading and pointing errors dominate and the impact of co-channel interferers is not as significant. In the case of no co-channel interferers, the curves do not flatten near P * opt2 and the system performance is greatly improved for good FSO channel conditions.
The minimum outage probability (P * out ), computed at P * opt2 , is plotted versus γ 1 and γ 2 in Figs. 5 and 6, respectively. As expected, by increasing γ 1 or γ 2 , P * out improves. Similarly, as the number of interferers increase or the weather and the pointing error conditions become worse, P * out degrades. In addition, at high γ 1 or γ 2 , P * out saturates. This saturation in performance is due to the selection of G 1 (2) and G 2 (5) to control the clipping distortion and to ensure non-negativity of the signal inputted to the optical intensity modulator. In this work K 1 = K 2 = 4 and are fixed to model a simple automatic gain control system which is already available in many commercial FSO systems [36] .
Notice in Fig. 5 , that P * out saturates at a lower γ 1 when FSO conditions are worse due to the dominance of the FSO impairments. Furthermore, in Fig. 6 , for good FSO conditions, the system performance saturates at a lower γ 2 after adding the RF co-channel interference due to the dominance of the RF impairments. However, for worse FSO channel conditions, the RF co-channel interference has little impact. In Fig. 7 , the CDF of the estimated user capacity is plotted at P * opt2 , for different γ 1 and γ 2 , using mm-wave RF access with R s = 220 Msymbols/sec [2] . The distribution of user rates is impacted by both RF and FSO channels, however, they are much more sensitive to the FSO backhaul conditions. When the FSO channel is poor, γ 1 has little impact on system performance. However, in good FSO conditions, the RF SNR greatly impacts user rates. In particular, the 50-th percentile user rates can reach 1.5 Gbits/sec under favorable RF and FSO conditions.
VII. CONCLUSION
In this paper, we present analytical results quantifying the performance of 5G RF access networks with a mixed AF FSO and fiber backhaul. In the access network, the impact of RF co-channel interferers is considered while in the backhaul the impact of FSO pointing errors, fiber nonlinearity as well as the limited dynamic range of optical emitters are modelled. Under fixed gain relaying, closed-form and asymptotic expressions for the outage probability, the average BER, and the CDF of end user capacity of the mixed FSO/fiber backhaul systems are derived. Our results reveal that there is an optimal average launched optical power into the fiber which balances the impact of improving received signal power with the distortion of fiber nonlinearity. In the region above the optimal fiber average launched power, increasing the optical average launched power yields more outage because of the dominance of the fiber nonlinearity. A key conclusion that is quantified in this work is that the quality of the variable FSO backhaul channel has a dominating impact on the user rates as compared to the RF access channel (when transmitting at optimum fiber average launched power P * opt2 ). This work thus serves as a tool to help in the planning and provisioning of the 5G networks with FSO and fiber backhaul components.
